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Abstract
 In Pyrococcus furiosus (Pfu), a hyperthermophile archaeon, two transcription 
factor Bs, TFB1 and TFB2 are encoded in the genomic DNA. TFB1 is the primary TFB 
in Pfu, and is homologous to transcription factor IIB (TFIIB) in eukaryotes. TFB2 is 
proposed to be a secondary TFB that is compared to TFB1, TFB2 lacks the  conserved B-
finger / B-reader / B-linker regions which assist RNA polymerase in transcription start 
site selection and promoter opening functions respectively. P. furiosus, like all Archaea, 
encodes a single transcription factor E (TFE), that is homologous to the N-terminus of 
transcription factor II E (TFIIE) ! subunit in eukaryotes. TFE stabilizes the transcription 
bubble when present, although it is not required for in vitro transcription. In this study, in 
vitro transcription is used to reveal how TFB2 responds to different temperature (65 °C, 
70 °C, 75 °C, 80 °C, and 85 °C) at promoters for three different kinds of gene: non-
temperature responsive, heat-shock induced, and cold-shock induced in the absence or 
presence of TFE. The activity of transcription complexes formed by TFB2 is always 
lower than by TFB1 in all temperatures and promoters. However, with heat-shock gene 
promoters, the activity of transcription complexes formed by TFB2 increases more than 
those formed with TFB1 with increasing temperatures. The temperature-dependent 
activities of TFB1 and TFB2 are similar with the non-temperature responsive gene 
promoter. With the cold-shock gene promoter, the activity of transcription complexes 
formed by both TFB1 and TFB2 has the highest activity in lower temperatures. When 
TFE is present, the activity of transcription complexes formed by TFB2 is enhanced with 
heat-shock gene promoters particularly at lower temperatures, and makes TFB2 behave 
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more similarly to TFB1. With the non-temperature responsive gene promoter, TFB2 still 
behaves similarly to TFB1 when TFE is present. However, with the cold-shock gene 
promoter, most of the activity of transcription complexes formed by TFB1 and TFB2 
remain the same, but only the activity of TFB1 decreases at 75 °C. The results suggest 
that TFB2 may play a role in heat-shock response through its increased sensitivity to 
temperature, and that TFE can modulate this temperature response.
ii
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INTRODUCTION
 Bacteria, Archaea, and Eukarya are the three major domains in the universal tree 
of life (1, 2). Archaea, a prokaryotic group, thrive in most environments in the earth, and 
are famous for their extremophily. Many archaeal species are found in conditions of 
extreme pH, temperature, salinity, and pressure (3,4). Archaea and bacteria are single-
celled microorganisms, and lack a nucleus and intracellular organelles. At first, Archaea 
were classified as Bacteria. In 1977, Carl Woese and his group sequenced 16S ribosomal 
RNAs from 10 “methanogenic bacteria”, and found out that these “bacteria” were only 
distantly related to typical Bacteria and formed a separate group, the Archaebacteria (5). 
Later, the “Archaebacteria” were renamed archaea. In 1990, a three-domain system, 
Bacteria, Archaea, and Eukaryota, was proposed based on rRNA sequence comparison 
(2). 
 The size of an archaeon is from 0.1 to 15 micrometer (µm) in diameter, and the 
shape can be variable, such as rod, sphere, or spiral. The genome size of archaea ranges 
from 0.5 Mb to 5.5 Mb (6-8). Each of these characteristics of Archaea are shared with 
Bacteria. However, at the molecular level, Archaea are more similar to Eukaryotes in 
their information processing systems. The structure of RNA polymerase (RNAP) and the 
basal transcription factors in Archaea are more similar to those in Eukaryotes. Based on 
these characteristics, the Archaea are interesting microorganisms to study, especially for 
transcription and its regulation.
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Transcription in the three domains
 Transcription is the first step of gene expression. RNA is made using DNA as a 
template, with the synthesis catalyzed by RNA polymerase (RNAP). Initiation, 
elongation, and termination are the three phases of transcription. The RNAP active site 
mechanism in Bacteria, Archaea, and Eukaryotes is conserved, but subunits of RNAP, 
transcription factors, and the mechanism of transcription initiation differ between 
bacteria, archaea, and eukaryotes. 
 In bacterial transcription initiation, the RNAP holoenzyme recognizes the 
promoter. A holoenzyme contains core RNA polymerase (!, !’, "I, "II, and # subunits) 
with a sigma ($) factor. The $ factor determines promoter specificity, positions the 
RNAP at the promoter, and assists in unwinding the double-stranded DNA (dsDNA) near 
the transcription start site (TSS) (9,10). After the dsDNA is unwound, transcription 
begins, the $ factor is released from the complex, and RNAP elongates the RNA 
transcript while reading along the DNA. 
 In eukaryotes, a mediator and six general transcription factors, TFIIA, TFIIB, 
TFIID, TFIIE, TFIIF, and TFIIH assist RNA polymerase II during initiation. TATA-box 
binding protein (TBP), a subunit of TFIID, is recruited to the TATA box in the promoter 
region, and then TFIIA and TFIIB bind and stabilize the TBP-DNA complex. Next, 
RNAP II with TFIIF are recruited to the complex. Last, TFIIE and TFIIH, which assist 
with promoter opening, are recruited to form the pre-initiation complex (PIC) (11-15). 
Mediator is a co-activator that binds RNA polymerase and is important for response to 
transcription regulators. After the dsDNA is unwound, the PIC initiates transcription. In 
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the elongation phase, RNAP leaves the promoter region. The elongation factor, Spt4/5, 
associates with RNAP and stabilizes the elongation complex, and RNAP keeps 
transcribing RNA (16-18). In some cases, TFIIA, TFIID, TFIIE, TFIIH, and the mediator 
can still remain assembled at the promoter, and form a scaffold complex. This scaffold 
complex can act as a re-initiation complex, facilitating recruitment of a new RNAP II, 
making additional transcription initiation events easier and faster (12, 13, 19). 
 The archaeal transcription machinery is more similar to eukaryotic than to 
bacterial transcription. Archaeal RNAP is similar to eukaryotic RNAPII in sequence 
homology and subunit identity. Archaeal transcription initiation in vitro requires TATA-
box binding protein (TBP) and Transcription Factor B (TFB) which are homologous to 
eukaryotic TBP and Transcription Factor IIB (TFIIB) in eukaryotes respectively. Many 
Archaea possess multiple TFBs. While eukaryotes only possess one TFIIB, they do use 
other TFIIB-like transcription factors, such as TAF1B and Rrn7 which function with 
RNAP polymerase I, and Brf which functions with RNAP polymerase III (71- 73).
Comparison of archaeal and eukaryotic transcription
  Archaea provide a useful model for studying the eukaryotic-type transcription 
mechanism for several reasons. First, being prokaryotic, archaeal genomes are small and 
encode fewer genes than eukaryotes which helps reduce complexity. Second, at the 
molecular level, archaea are remarkably similar to eukaryotes in DNA replication, 
transcription, and translation. Third, the subunits of RNA polymerase (RNAP) of Archaea 
and eukaryotes are highly conserved (68, 74). Fourth, important general transcription 
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factors of Archaea and eukaryotes are homologous, including TF(II)B, TF(II)E, and TBP 
(40, 42, 47, 61). Fifth, many archaeal genomes contain histone homologs, that bind DNA 
and appear to assist in DNA packing (25-28). Although there are many similarities 
between eukaryotic and archaeal transcription, there are also important differences. First, 
three RNAPs (Pol I, Pol II, and Pol III) in eukaryotes synthesize ribosomal RNA (rRNA), 
messenger RNA (mRNA), and transfer RNA (tRNA) respectively. However, only one 
RNAP exists in Archaea for all purposes. Second, fewer general transcription factors are 
required for initiation in Archaea. Third, the regulation of archaeal transcription is more 
similar to bacterial transcription than to eukaryotic transcription (31, 33).
Archaeal transcription
 Archaeal transcription initiation can be reconstituted in vitro with only RNA 
polymerase, the transcription factors TBP and TFB, and promoter DNA (61). Archaeal 
transcription starts with TATA box recognition. TBP recognizes the TATA box about 25 
nucleotides upstream of the transcription start site, and TBP binds on the minor groove of 
the TATA box region and bends the double-stranded DNA to form a TBP-DNA complex 
(Fig 1A). Second, the C-terminal domain of TFB makes sequence-specific interaction 
with the B recognition element (BRE), located on the upstream region (BREu) and 
downstream region (BREd) of TATA box, forming the TBP-TFB-DNA complex (Fig 1B). 
Third, transcription factor E (TFE) associates with RNAP, and RNAP with TFE binds the 
TBP/TFB/DNA sub-complex to form a closed complex in which DNA is not yet 
unwound (Fig 1C,1D). Fourth, the N-terminal domain of TFB works with RNAP to 
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unwind double-stranded DNA to form the transcription bubble, and the initiation-
competent open complex is formed (Fig 1E).  Although TFE is not strictly required in in 
vitro transcription, it can facilitate transcription by stabilizing the interaction between 
TBP and TATA box, and it likely plays a role in the transition from closed complex to 
open complex (17, 34). Next, some abortive transcribed RNAs are produced (Fig 1F) 
(67). Then, Spt4/5 associates with this complex, and replaces TFE on the same RNAP 
binding site during the transition to elongation (Fig 1G) (17). Last, when the transcribed 
RNA is completed, RNAP falls off, and DNA can proceed to the next transcription event 
(Fig 1H). 
BREu TATA BREd
TBP
TFB
RNAP
TFE
Spt4/5
TFE
Initiation 
(open complex)
Initiation 
(closed complex)
Initiation 
(abortive transcription)
Elongation
Termination
TBP-DNA complex
TBP-TFB-DNA
complex
(A)
(B)
(C)
(D)
(E)
(F)
(G)
(H)
Figure 1. Archaeal Transcription cycle. See text for detail. 
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Archaeal transcription regulation
 Archaeal transcription regulation is more similar to bacterial transcription 
regulation in that repressor and activator proteins influence RNAP or transcription factor 
activity through direct interactions (31,33). Several archaeal transcription regulators have 
been described, for instance, metal-dependent repressor 1(MDR1) in Archaeoglobus 
fulgidus, leucine-responsive regulatory protein (LrpA) in Pyrococcus furious, and Lrs14 
in Sulfolobus solfataricus (35-38). MDR1 and LrpA act as negative transcription 
regulators and are homologous to bacterial metal-dependent transcriptional repressor, 
DtxR and bacterial leucine-regulatory protein family respectively. Both MDR1 and LrpA 
share a similar mechanism. Their binding sites overlap the promoter transcription start 
site (TSS), without affecting the binding of TFB and TBP, and prevent the recruitment of 
RNAP (35-37). On the other hand, Lrs14, another leucine-regulatory protein family 
member, binds sites overlapping the TATA box of regulated promoters. Lrs14 blocks 
TBP and TFB recruitment when binding on its promoter (38). Based on these 
observations, the transcription regulators of Bacteria and Archaea are similar.
Transcription factor II B
 Transcription factor II B (TFIIB), a Pol II general transcription factor in 
eukaryotes, is required for transcription initiation, with specific functions in transcription 
start site (TSS) selection, promoter opening, and transcription bubble formation (40, 42). 
The C-terminal domain interacts with TBP, DNA, and Pol II, and contains B-core cyclin 
folds (39-42). The N-terminal domain of TFIIB contains a zinc ribbon/B-ribbon, B-
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finger/B-reader, and linker/B-linker, and interacts with Pol II (39-42). The B-ribbon 
contains a zinc ion and interacts with the dock domain of Pol II (39-42). The B-reader 
binds to the promoter DNA, recognizes the initiator element, and assists with TSS 
selection (39-42). The B-linker interacts with Rpb1 of Pol II and assists with promoter 
opening (39-42).  Transcription factor B (TFB) in archaea is homologous to TFIIB in 
eukaryotes. Archaeal TFB serves the same function as eukaryotic TFIIB, and is generally 
highly conserved with eukaryotic TFIIB in all domains (Fig.2) (43-45). 
Figure 2. Structure of yeast TFIIB and alignment with archaeal TFB. 
Only B-ribbon, B-reader, and B-linker motifs are shown. Yeast TFIIB is shown as a 
model to represent Pfu TFB1 (42, PDB: 4BBR); yellow regions represent the missing 
regions of Pfu TFB2. Initial alignment was done using CLUSTAL X, with manual re-
alignment of TFB2, based on cross-linking results (Bhattarai and Bartlett, unpublished 
data) Hsa TFIIB :Homo sapiens TFIIB, Sce TFIIB: Saccharomyces cerevisiae TFIIB, Pfu 
TFB1: Pyrococcus furiosus TFB1, Pfu TFB2: Pyrococcus furiosus TFB2.
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Transcription factor II E
 Transcription factor II E (TFIIE) is a pol II general transcription factor, and is 
composed of two subunits, " and !. (46). TFIIE stabilizes the pre-initiation complex 
(PIC), and is required with the helicase activity of TFIIH for unwinding promoter DNA 
to form a transcription bubble (47). Also, TFIIE can rescue inactive Pol II open 
complexes (48). Transcription factor E (TFE), a general transcription factor in archaeal 
transcription, is homologous to the N-terminus of transcription factor II E (TFIIE) " 
subunit in eukaryotes. TFE interacts with the non-transcribed strand in the open 
transcription bubble, and may function to stabilize the open complex (17, 34, 47). TFE 
and Spt4/5, an archaeal elongation factor, bind to the same surface of RNAP, defined by a 
conserved coiled coil motif in the largest RNA subunit. During transcription elongation, 
Spt4/5 displaces the TFE to stimulate  elongation (17, 48). Although TFE is not required 
for in vitro transcription, it facilitates transcription under certain conditions by stabilizing 
the transcription complex.
Sigma factors in bacteria
 In Bacteria, promoter recognition and promoter opening are mediated by an 
interchangeable $ factor. The main $ factor in Escherichia coli (E.coli) is $70. The other 
six $ factors in E.coli serve as accessory $ factors that adjust transcription through altered 
promoter selectivity in response to environmental stresses. $ factor serves a 
transcriptional function that is similar to eukaryotic TBP, TFIIB, and TFIIF, as well as 
archaeal TBP, TFB, and TFE. $70 factor recognizes the -35 and -10 elements on promoter, 
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analogous to that TBP and TFIIB recognizing the TATA box, BRE, and transcription 
bubble respectively (50-52). Both $70 factor and TFIIB interact with promoter DNA and 
RNAP, and are involved in unwinding dsDNA during the transition from closed to open 
complex (Fig1D, 1E). In addition, both $70 factors and TFIIF have a negatively charged 
region that associates with the downstream DNA channel of RNAP (52).
Multiple TBPs and TFBs in Archaea 
 In Archaea, a species may possess multiple TBPs and TFBs. For instance, some 
halophilic archaea have 8 different TBPs and 12 different TFBs (53). Archaeal TFBs 
could have a similar function to bacterial $ factors, and may play roles in responding to 
environment stresses, for instance, changes in salt concentration and exposures to UV 
irradiation (54, 55).  The Thermococcus kodakaraensis (T.k.) genome encodes two TFBs, 
TFB1 and TFB2. The optimal salt concentrations for function of TFB1 and TFB2 in vitro 
are ~200mM K+ and ~250mM K+ respectively, so TFB2 could help the cell deal with 
osmotic shock (54). Sulfolobus solfataricus and Sulfolobus acidocaldarius genomes 
encode three TFBs, TFB1, TFB2, and TFB3. TFB1 is the primary TFB, TFB2 is normally 
expressed at a low level, and TFB3 is normally not expressed. However, TFB3 protein 
levels increase and may be responsible for increased transcription of other up-regulated 
gene following UV treatment (55). 
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Promoter sequence elements
 Promoters are DNA sequences that direct transcription, and have similarities 
across the three domains. There are several core elements, including the TATA box, B 
recognition element (BREu and BREd), and initiator element (Inr) in archaeal and 
eukaryotic promoters, and the -35 element and -10 element in bacterial promoters. The 
TATA box is usually located 25 nucleotides upstream of the transcription start site (TSS) 
and is bound by TBP (65). The B recognition element is located at short sequence 
upstream and downstream of TATA box, and is bound by TF(II)B (66). The transcription 
start site (TSS) is located at the initiator element (Inr).  Each promoter has its own 
intrinsic promoter strength, measured as the number of transcripts produced over a 
specific time period. Promoter strength is often determined by the affinity of transcription 
factors or RNA polymerase for the promoter, and is directed by the specific sequence of 
the promoters. Promoter sequence can also direct transcription in response to 
environmental stress through interaction with alternate basal transcription factors (56). 
For example, in E.coli, heat-shock promoters contain the consensus sequences, 
TNTCNCCCTTGAA in the -35 element and CCCCATTTA in -10 element (N= any 
nucleotide) that interact with regions 4.2 and 2.4 of the $32 subunit of RNA polymerase 
(57). 
 
Two TFBs, TFB1 and TFB2, in Pyrococcus furiosus
 Pyrococcus furiosus (Pfu), a hyperthermophile archaeon, has a single gene 
encoding TBP, but has two genes encoding TFB homologs, TFB1 and TFB2. TFB1 is the 
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primary TFB in Pfu, and it is highly conserved with TFIIB in eukaryotes (Fig 2). 
Compared to TFB1, TFB2 is not conserved in the B-reader and B-linker regions, which 
normally play a role in selecting the transcription start site and unwinding double-
stranded DNA (Fig 2) (39-42). In vivo, heat-shock increases the mRNA level of Pfu 
TFB2, but not Pfu TFB1 (60). Although TFB2 lacks important and conserved sequences, 
it has been shown to function in transcription initiation. The transcription efficiency of 
Pfu TFB2 in vitro is always weaker than that of Pfu TFB1 at 65 °C (61). However, 
addition of TFE can stabilize the PIC and somewhat increase the transcription efficiency 
of Pfu TFB2 (61). Although how Pfu TFB2 responds to higher temperature, and the 
overall function of Pfu TFB2 are not clear yet, we predict that Pfu TFB2 is involved in 
the heat-shock response, and may increase transcription of heat-shock promoters 
including its own promoter (Pf0687). 
 In this study, in vitro transcription assays are used to reveal how Pfu TFB1 and 
TFB2 respond to different temperatures (65, 70, 75, 80, and 85°C) and different 
promoters (two heat-shock promoters, a cold-shock promoter, and a temperature-
independent promoter). We predict that TFB2 will have higher activity with a heat-shock 
promoter at higher temperature, that it will not function well at a cold-shock promoter, 
and that TFE facilitates TFB2 transcription under conditions where promoter opening is 
difficult.
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MATERIALS AND METHODS
Protein purification
 Recombinant Pyrococcus furiosus TBB, TFB1, and TFB2 proteins were prepared as 
described previously (61). The genes were amplified by PCR and cloned into the vector 
pET21b. The encoded proteins with six-histidine tag at the N-terminus were 
overexpressed in an E.coli host, and the protein was purified by Ni2+ ion chromatography. 
Two different washing protocols were employed for purification of TFB2, non-denaturing 
and denaturing. Since TFB2 overexpressed well but did not bind well to the Ni2+ column 
under native conditions, it seemed likely that the six-histidine tag is inaccessible in the 
folded protein. Therefore, a denaturing wash protocol was used to denature the protein 
and reveal the six-histidine tag to be bound by Ni2+ ion. The protein was refolded on the 
column by reducing the denaturant concentration. Non-denaturing wash buffers were 
used in TBP and TFB1 purification. The non-denaturing wash buffers contain 0.02M 
NaHEPES pH8, 0.007M MgCl2, 0.5M NaCl, 5% (vol/vol) Tween20, 0.01-0.2M 
imidazole (pH 7), and 10% (vol/vol) glycerol. The denaturing wash buffers are used for 
TFB2 because the yield of TFB2 is extremely low in non-denaturing purification. The 
denaturing chromatography protein purification utilized wash 1, 2, 3, elute 1, and elute 2 
solutions. The wash 1 solution containd 0.02M NaHEPES pH8, 0.007M MgCl2, 0.5M 
NaCl, 5% (vol/vol) Tween20, 0.01M imidazole (pH 7), 10% (vol/vol) glycerol, and 8M 
urea. The wash 2 solution was the same as the wash 1 solution but with 0.02M imidazole 
(pH 7). The wash 3 solutions was the same as the wash 2 solution, but with 3M urea. The 
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elute 1 and 2 solutions were the same as the wash 3 solution, but with 0.2M imidazole 
(pH 7). Proteins were concentrated, and buffer was changed to standard TFB storage 
buffer (containing 0.5M NaCl, 0.02M Tris pH 8, 0.001M EDTA pH 8) using Microspin 
concentration (3000 MW cut-off). The transcription activities of TFB protein purified by 
non-denaturing versus denaturing proteins have been checked, and have similar 
transcription activity (data not shown). Native Pfu RNAP was purified from Pyrococcus 
furiosus cell lysate as described previously, and was a gift from I. Waege and W. Hausner 
(62). 
Promoter DNA templates
 Three predicted temperature-responsive promoters used in this study were chosen 
based on data from cold-shock and heat-shock studies (60, 63).  Promoter regions were 
identified in the Pyrococcus furiosus genome using the archaeal genome browser (http://
archaea.ucsc.edu/). Predicted TATA box sequences were identified by similarity to the 
consensus sequence TTTATATA (70), and regions containing the predicted promoter were 
amplified from Pyrococcus furiosus genomic DNA by PCR (primer sequences are shown 
in Table 1).  The positions of each promoter region according to the annotation of Robb et 
al. (64) are as follows: for Pf0687, positions 695239 to 695540, for Pf1137, positions 
1088879 to 1089033, and for Pf1616 positions 1508306 to 1508519. A fourth promoter 
for the glutamate dehydrogenase gene (Pf1602) was chosen as a non-temperature 
responsive promoter that was previously well-characterized. PCR products were 
quantified by spectrophotometer.
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Table 1. Amplified promoter regions of Pf0687, Pf1137, Pf1602, and Pf1616.
PF0687
Transcription initiation factor 
IIB chain b
ccctaatcgcccaaaaacctttatttcaaaaataaagct
caaagaagactaaaaattcaaaaataagcccaaataccg
tgtgccgaaaaatcttcactcataaggtgctccatacca
tcttgcaataatttttcattgtagggaatactagctata
ttatgaaaagaaatactagcataaccctcaaaaggtcag
cacttctaatgatagttaatagagataacgggctcaaag
aATGTCATCTACTGAGCCCGGAGGTGGTTGGTTGATATA
TCCTGTGAAATGCCCATATTGTAAGTCC
Primers
Upper: 5’ CCCTAATCGCCCAAAAACC
Lower: 5’ GGACTTACAATATGGGCATTTCAC
80 or 114 nt transcript
PF1137
translation initiation Factor 
IF-2
aaaccttggcccttaaatgttttactttgaaacttcaat
tttttggaaagtttcttgtaagaacgtgtagataaggtt
tataatttcccctacctttgggttagcttgagaggtgag
gcatATGAAGAAAATAAGACAACCCATCATTGCAGTT
Primers
Upper: 5’ CAGGGTTTTTAACCGTAGGTTTCAATAAG
Lower: 5’ AACTGCAATGATGGGTTGTCTTATTTTCT
48 or 109 nt transcript
PF1602
glutamate dehydrogenase
(gdh promoter)
aaaggatttccactcttgtttaccgaaagctttatatag
gctattgcccaaaaatgtatcgccaatcacctaatttgg
agggatgaacATGGTTGAG
Primers
Upper: 5’ AAAGGATTTCCACTCTTGTTTACC
Lower: 5’ CTCAACCATGTTCATCCC
37 nt transcript
PF1616
myo-inositol-1-phosphate 
synthase
taaaaagggtatataaagcctaaattaaggcaaaaaaca
aatattgtcggcgaaatttttataaaccaaagttactta
aaagtagattggcctttgtaggtcattctgacttttgtc
tataaaagttaataaaaagaaattcacaccaattttagc
aaaacaggaggtgaggactgATGGTTAGGGTAGCAATTA
TAGGCCAGGGATA
Primers
Upper: 5’ 
TAAAAAGGGTATATAAAGCCTAAATTAAGGCA
Lower: 5’ TATCCCTGGCCTATAATTGCTACCCT
128 nt transcript
Upper-case letters represent translated region; lower-case letters represent 
intergenic sequences. Potential TATA-boxes are highlighted in red, Predicted 
transcription start site are highlighted in blue.  
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Transcription assay
 Transcription reactions were performed as described previously (61). The 12.5 %l 
cocktail reaction mixtures contained 0.025M MgCl2, 0.25M NaCl, 0.0001M EDTA, 
0.04M Na-HEPES (pH 7.3), 0.005M !-mercaptoethanol, 5% (vol/vol) glycerol, 0.1 %g 
%l-1 bovine serum albumin; 10 nM promoter DNA was combined with 60 nM TBP, 60 
nM TFB1, or 60 nM TFB2, 10 nM RNAP, and 200nM TFE when needed. The reaction 
mixtures were heated at 65 °C, 70 °C, 75 °C, 80 °C, and 85 °C in a thermal cycler for 40 
min. Ribonucleotide triphosphates (500 %M GTP, 500 %M CTP, 500 %M ATP, and 10 %M 
["-32P]UTP [~40 Ci mmol-1 ]) were added to initiate transcription. After 20 min 
incubation, the reactions were stopped by adding 12 %l stop buffer (8 M urea, 0.05M 
EDTA, 0.09M Tris-borate buffer, pH 8.3, 0.02% bromphenol blue, and 0.02% xylene 
cyanol). Before loading to the 14% polyacrylamide gel, reactions were heated at 95 °C 
for 3 min. The gel was analyzed by phosphorimaging as described (61, 65). ImageQuant 
was used to quantify data. The area surrounding a transcript band was selected and 
quantified, and an area of the same size in the same lane was quantified and subtracted as 
background. The transcript level at 65 °C for each TFB / Promoter combination was set 
to 1.0, and values at other temperatures were normalized to this value. Both M1 and M2 
markers were made from known-length sizes of glutamate dehydrogenase gene (gdh, 
Pf1602) promoter (-60 to +37 and -60 to +84). All TFB transcription activities in 
transcription assays were tested in three independent experiments and averaged. Error 
bars, representing standard deviation, were from the three independent experiments.
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RESULTS
  Pyrococcus furiosus is one of the best-studied Archaea for transcription. The 
Pyrococcus furiosus genome encodes two different TFB genes, TFB1 and TFB2. The 
TFB1 protein shows high sequence, structure and function of similarity with TFIIB. 
However, TFB2 has sequence divergence with TFB1(Fig 2), and the function of TFB2 is 
not well-known. By studying TFB2, the function of the missing motifs and the response 
of different promoters to environmental changes will be more obvious, which could assist 
in understanding the genetic determinants of environmental stress response in Pyrococcus 
furiosus. To determine the function and role of TFB2 in Pyrococcus furiosus, I have 
performed experiments that test the response of TFB2 to changing temperature. 
Transcription directed by TFB2 was compared with TFB1 at promoters for temperature-
responsive genes in the absence or presence of TFE.  
TFB response to different temperatures and promoter sequences
 Because of the specific increase in TFB2 mRNA following heat-shock reaction, I 
predict that TFB2 is important for the heat shock response, perhaps by selective 
transcription of other heat-shock related genes. To test the idea that TFB2 transcribes 
heat-shock dependent genes, I used in vitro transcription assays to determine the activity 
of both TFB1 and TFB2 in different temperatures and promoters. These results 
demonstrate at which temperature and with which promoter TFB2 would have better 
activity. 
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 Four selected promoter DNAs, transcription factor B 2 (Pf0687), translation 
initiation factor (Pf1137), a glutamate dehydrogenase (Pf1602), and a myo-inositol-1-
phosphate synthase (Pf1616), were tested in this research. Pf1602 promoter is widely 
used in research and its transcription does not change in response to temperature change 
in vivo. In vivo, the mRNA level of Pf0687 and Pf1616 promoters increased following a 
shift from 90 °C to 105 °C, which represents a heat-shock response (60). The mRNA 
level from the Pf1137 gene increased following a shift from 95 °C to 72 °C which 
represents a cold-shock response (63). The transcription start site of Pf1602 was 
previously determined. The potential transcription start site of the other three promoters 
were predicted and indicated by the black bars (Fig 3).
Pf0687A   gaatactagctatattatgaaaagaaatactagcataaccctcaaaaggtc
Pf0687B   aggtcagcacttctaatgatagttaatagagataacgggctcaaaga
Pf1137A   accttggcccttaaatgttttactttgaaacttcaattttttggaaagttt
Pf1137B   gtagataaggtttataatttcccctacctttgggttagcttgagaggtga
Pf1602    taccgaaagctttatataggctattgcccaaaaatgtatcgccaatca
Pf1616    gtcggcgaaatttttataaaccaaagttacttaaaagtagattggccttt
Figure 3. Portion of promoter sequences used as transcription templates in this study. 
Predicted TATA boxes are underlined, and the potential transcription start sites are shown 
in a black background.  
 Heparin is a poly-sulfated polysaccharide that sequesters many DNA-binding 
proteins, and can be used to prevent non-specific RNAP binding to the DNA, important 
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in assays such as electrophoretic mobility shift assay (EMSA), foot-printing, and cross-
linking. However, I found that the activity of transcription complexes containing TFB1 
and TFB2 are affected by adding heparin. Specifically, TFB2 is more heparin sensitive 
than TFB1 (Fig 4). Based on this result, heparin was not used in this study. 
Figure 4. Transcription activity with or without heparin at 75 °C. Transcription was 
performed using Pf1616 promoter. Reactions 2 and 4 were treated with heparin for 30 
seconds prior to addition of NTPs.
 To determine a baseline behavior for TFB2, I compared its activity in transcription 
with TFB1 on the well-studied glutamate dehydrogenase gene (gdh, Pf1602) promoter. 
Transcription reactions were performed at 5 temperatures (65 °C, 70 °C, 75 °C, 80 °C, 
and 85 °C). While optimum growth occurs at 95 °C to 100 °C for P. furiosus, growth can 
still occur at 70 °C. Previous experiments have shown that transcription complexes can 
be formed and promoter-specific initiation can occur at 65 °C, while transcription at 90 
°C - 95 °C is inhibited, presumably because of linear temperature denaturation (43).  
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 The promoter for Pf1602 gene is predicted to be less responsive to temperature 
because Pf1602 mRNA level does not change with heat or cold shock. I observed that 
transcription complexes formed with TFB1 were more active than TFB2 in all 
temperatures (Fig 5A). With increasing temperature, transcription complexes containing 
TFB1 produced increasing amounts of the run-off product with a maximum at 80 °C, and 
a reduction at 85 °C (Fig 5A lanes 1-4). Similarly, the activity of the transcription 
complexes containing TFB2 increased from 65 °C to 70 °C (Fig 5A lanes 7-8), reached a 
maximum at 75 °C to 80 °C (Fig 5A lanes 9-10), and decreased at 85 °C (Fig 5A lane 9). 
The transcription level relative to 65 °C increases gradually in response to temperature 
for both TFB1 and TFB2. At 80°C, transcription relative to 65 °C was 2.56-fold and 3.38-
fold higher with TFB1 and TFB2, respectively. For the Pf1602 promoter, the trend line of 
TFB2 is close to that of TFB1 (Fig 5B), indicating that TFB1 and TFB2 respond to 
temperature similarly at the promoter of a temperature insensitive gene.
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Figure 5. Transcription activity of a non-temperature dependent promoter, Pf1602, using 
TFB1 or TFB2 in different temperatures. (A) Activities of the transcription complexes 
formed with TFB1 or TFB2 with Pf1602 in different temperatures (65-85 °C). The 
promoter-dependent transcripts are indicated by the arrow. X: no TFB at 75 °C, M1: 37 nt 
marker, M2: 84 nt marker. (B) Transcription response to temperature relative to 65 °C of 
TFB1 and TFB2 with Pf1602. Quantitation of the transcription activity of different 
temperatures with Pf1602 normalized to the activity of its own activity at 65 °C. Blue 
20
diamond represents TFB1, and red square represents TFB2. Error bars represent standard 
deviation (SD) from three independent experiments.
 To determine the response of a putative heat shock promoter to temperature change, 
the promoter for the TFB2 gene (Pf0687) was chosen for analysis because the mRNA 
level of TFB2 increased dramatically during heat shock (60). Transcription reactions 
including TFB1 were more active than those with TFB2 in all temperatures. Two 
principal transcripts were observed, one of ~80 nt, and the other of~114 nt, suggesting 
two promoters are active in this region upstream of the Pf0687 gene (Fig 1). The 
temperature-dependent activity of the transcription complexes containing TFB1 was 
similar to the response of the promoter of the temperature-independent gene (Pf1602) 
( Fig 6A lanes 1-5). The activity of the transcription complexes containing TFB2 was 
very low at 65 °C ( Fig 6A lane 7), increased from 70 °C to 80 °C ( Fig 6A lanes 8-10), 
and nearly disappeared at 85 °C ( Fig 6A lane 11). Relative to transcription at 65 °C, 
TFB1 increased more than TFB2 at 70 °C. However, the relative increase for TFB2 
became higher at 75 °C and 80 °C. Both TFB1 and TFB2 reached their maxima at 80 °C. 
At 80 °C, transcription activity of 80 nt transcript relative to 65 °C was about 3.52-fold 
and 8.92-fold higher with TFB1 and TFB2, respectively (Fig 6B); transcription activity of 
114 nt transcript relative to 65 °C was about 1.88-fold and 4.17-fold higher with TFB1 
and TFB2 (Fig 6C). At Pf0687, although TFB2’s activities were always lower than 
TFB1’s, the rate of TFB2 transcription increased more than TFB1 with increasing 
temperature for two potential transcribed regions.
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Figure 6. Transcription activity of a heat-shock relative promoter, Pf0687, using TFB1 or 
TFB2 in different temperatures. (A) Activities of the transcription complexes formed with 
TFB1 or TFB2 with Pf0687 in different temperatures (65-85 °C). The promoter-
dependent transcripts are indicated by the arrow. X: no TFB at 75 °C, M1: 37 nt marker, 
M2: 84 nt marker. (B) Transcription response to temperature relative to 65 °C of TFB1 
and TFB2 with Pf0687 (80 nt). (C) Transcription response to temperature relative to 65 
°C of TFB1 and TFB2 with Pf0687 (114 nt). Quantitation of the transcription activity of 
different temperatures with Pf0687 normalized to the activity of its own activity at 65 °C. 
Blue diamond represents TFB1, and red square represents TFB2. Error bars represent 
standard deviation (SD) from three independent experiments.
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 To determine whether other promoters for heat shock induced genes had enhanced 
temperature response to TFB2, the promoter of a myo-inositol-1-phosphate synthase 
(Pf1616) was tested because the mRNA level of TFB2 increased dramatically during heat 
shock (60). The activities of the transcription reactions containing TFB1 were more 
active than those containing TFB2 in all temperatures. The activity of the transcription 
complexes containing TFB1 increased from 65°C to 80 °C (Fig 7A lanes 1-4), and 
decreased dramatically at 85 °C (Fig 7A lane 5). The activity of the transcription 
complexes containing TFB2 was very low at 65 °C (Fig 7A lane 7), increased from 65 °C 
to 80 °C (Fig 6A lanes 8-10), and disappeared at 85 °C (Fig 7A lane 11). The response of 
TFB1 transcription complex increased slowly in response to temperature, but constantly. 
It reached a maxima (about 2.58-fold) at 80 °C.  The response of TFB2 to temperature 
was higher than of TFB1. At 80 °C, the response transcription with of TFB2 was about 
6.69-fold higher than at 65 °C (Fig 7B). At Pf1616, although the activity of the 
transcription complexes formed with TFB2 was always less active than the one with 
TFB1, the transcription complex with TFB2 increased more than TFB1 from 65 °C to 80 
°C. 
23
A. 
B.
1616
Pf1616
Pf1137
48nt
Pf1616
Pf1137
48nt
Figure 7. Transcription activity of a heat-shock relative promoter, Pf1616, using TFB1 or 
TFB2 in different temperatures. (A) Activities of the transcription complexes formed with 
TFB1 or TFB2 with Pf1616 in different temperatures (65-85 °C). The promoter-
dependent transcripts are indicated by the arrow. X: no TFB at 75 °C, M1: 37 nt marker, 
M2: 84 nt marker. (B) Transcription response to temperature relative to 65 °C of TFB1 
and TFB2 with Pf1616. Quantitation of the transcription activity of different temperatures 
with Pf1616 normalized to the activity of its own activity at 65 °C. Blue diamond 
represents TFB1, and red square represents TFB2. Error bars represent standard deviation 
(SD) from three independent experiments.
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 To see how the TFB1 or TFB2 associated transcription complexes function with a 
promoter for a cold-shock induced gene, the promoter of the translation initiation factor 
IF-2 (Pf1137) was used. The mRNA level from Pf1137 was previously shown to increase 
1.6 fold following cold-shock (63). In this experiment, two principal transcripts were 
observed, one of ~48 nt, and the other of~109 nt, suggesting two promoters are active in 
this region upstream of the Pf1137 gene (Fig 1). For the short transcript (48 nt), 
transcription complexes formed with TFB1 associated with this promoter to transcribe 
RNA (Fig 8A lanes 1-5) although at a very low level. However, no transcripts were 
detected for TFB2 (Fig 8A lanes 7-11). The activity of the transcription complexes 
formed with TFB1 increased with increasing temperature slowly (Fig 8A lanes 1-5), 
reached the maximum (about 3.63-fold) at 80 °C (Fig 8B). For the long transcripts (109 
nt), TFB1 or TFB2 was not required to produce a transcript (Fig 8A lane 6). Interestingly, 
the activity of transcription complexes formed with TFB1 and TFB2 reaches a maximum 
at 70 °C (Fig 8A lanes 2, 8), and then decreased at 75 °C, 80 °C, and 85 °C. (Fig 8A lanes 
3-5, 9-11). This result showed TFB2-directed transcription complexes do not yield 
detectable transcription for shorter transcript (48 nt) in this promoter. However, another 
possible transcript had a higher transcription activity in lower temperatures for both 
TFB1 and TFB2 (65-70 °C). It is notable that the larger transcript can be made by RNA 
polymerase in the absence of TFB, but that adding TFB1 or TFB2 increases transcript 
levels. Site-specific transcription by archaeal RNA polymerase in the absence of TFB has 
not been previously reported.
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Pf1602Figure 8. Transcription activity of a cold-shock relative promoter, Pf1137, using TFB1 or 
TFB2 in different temperatures. (A) Activities of the transcription complexes formed with 
TFB1 or TFB2 with Pf1137 in different temperatures (65-85 °C). The promoter-
dependent transcripts are indicated by the arrow. X: no TFB at 75 °C, M1: 37 nt marker, 
M2: 84 nt marker. (B) Transcription response to temperature relative to 65 °C of TFB1 
and TFB2 with Pf1137 (48 nt). (C) Transcription response to temperature relative to 65 
°C of TFB1 and TFB2 with Pf1137 (109 nt). Quantitation of the transcription activity of 
different temperatures with Pf1137 normalized to the activity of its own activity at 65 °C. 
Blue diamond represents TFB1. Error bars represent standard deviation (SD) from three 
independent experiments.
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 These experiments illustrate a differential response of TFB1 and TFB2 to 
temperature changes that is promoter dependent. TFB2 behaved very similarly to TFB1 
with the temperature-independent gene promoter (Pf1602). TFB2 increased transcription 
activity more than TFB1 with increasing temperature when it associated with promoters 
for heat-shock induced gene (Pf0687 and PF1616). TFB2 did not yield measurable 
transcription for the short transcript (48 nt) from the cold-shock promoter (Pf1137). 
However, TFB2 behaved similarly to TFB1 with the long transcript (109 nt) from the 
cold-shock promoter (Pf1137).
27
Effect of TFE on TFB response to different temperatures and promoter sequences
 Transcription factor E (TFE) is able to increase the activity of RNA polymerase by 
stabilizing the pre-initiation complex (PIC) (61). It has been shown previously that TFB2 
is inefficient in promoter opening, and that TFE can partly compensate for this defect. To 
determine whether the differential response of TFB1 and TFB2 to temperature persists in 
the presence of TFE, I tested the same four promoters for response to temperature with or 
without addition of TFE.
 At the gdh (Pf1602) promoter, the activities of the transcription complexes formed 
with TFB1 were more active than with TFB2 in all temperatures. At all temperatures, 
transcription complexes with TFB1 showed minimal activation by TFE (Fig 9A and 9B). 
In contrast, TFE increased the activity of the transcription complexes formed with TFB2 
at all temperatures; especially at 70 °C (Fig 9A and 9B). The transcription response to 
temperature in the presence of TFE was similar for TFB1 and TFB2, and the maximum 
activity (relative to 65 °C) at 80 °C was about 2.81-fold and 2.48-fold with TFB1 and 
TFB2, respectively (Fig 9C).
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Figure 9. Transcription of the promoter for a non-temperature dependent gene, Pf1602, 
using TFB1 or TFB2 in different temperatures. (A) Activities of the transcription 
complexes formed with TFB1, TFB2, TFB1+TFE, or TFB2+TFE with Pf1602 in 
different temperatures (65-85 °C) The promoter-dependent transcripts are indicated by 
the arrow. X: no TFB at 75 °C, EX: no TFB, but with TFE at 75 °C, M1: 37 nt marker, 
M2: 84 nt marker. (B) Transcription activity comparison of TFB1 and TFB2 with Pf1602 
in the presence and absence of TFE. The ratio of transcription activity with TFE to 
without TFE is shown. (C) Transcription response to temperature relative to 65 °C of 
TFB1+TFE and TFB2+TFE with Pf1602. Quantitation of the transcription activity of 
different temperatures with Pf0687 normalized to the activity of its own activity at 65 °C. 
Blue (diamond) represents TFB1, and red (square) represents TFB2. Error bars represent 
standard deviation (SD) from three independent experiments. Figure 5A and Figure 8A 
are the image from the same gel.
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 In Pf0687 (TFB2, a heat shock induced gene), the activity of the transcription 
complexes formed with TFB1 was higher than with TFB2 in all temperatures. With TFE, 
the activity of the transcription complexes containing TFB1 increased with temperature, 
but decreased dramatically at 85 °C for both short and long transcripts (80 nt and 114 nt) 
(Fig 10A lanes 15-19). The activity of the transcription complexes containing TFB2 also 
increased with temperature for both short and long transcripts (80 nt and 114 nt), and 
some transcription at 85 °C was seen (Fig 10A lanes 21-25). For the short transcript (80 
nt), the comparison of with and without TFE showed that TFE did not enhance the 
activity of the transcription complexes formed with TFB1, since the activity of the 
transcription complexes formed with TFB1 and TFE almost stayed the same (Fig 10B) 
However, for the long transcript (114 nt), the activity of complexes formed with TFB1 
decreased at 65 °C  when TFE was present (Fig 10D).For both short and long transcripts, 
TFE enhanced the activity of the transcription complexes formed with TFB2, especially 
at lower temperatures (65 °C and 70 °C) (Fig 10B, 10D). In the presence of TFE, 
transcription at 80 °C, relative to 65 °C, was similar for TFB1 and TFB2 for the short 
transcript for the short transcript (4.81-fold and 4.29-fold with TFB1 and TFB2, 
respectively). However, for the long transcript, the activity of the transcription complexes 
formed with TFB1 at 80 °C relative to 65 °C was much higher than those of TFB2 (5.4-
fold and 2.5-fold with TFB1 and TFB2, respectively).  The similar response of TFB1 and 
TFB2 to temperature in the presence of TFE contrasts with the differential response in the 
absence of TFE (Fig 6B, Fig 10C, and Fig 10E).
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Figure 10. Transcription of the promoter for a heat-shock induced gene, Pf0687, using 
TFB1 or TFB2 in different temperatures. (A) Activities of the transcription complexes 
formed with TFB1, TFB2, TFB1+TFE, or TFB2+TFE with Pf0687 in different 
temperatures (65-85 °C) The promoter-dependent transcripts are indicated by the arrow. 
X: no TFB at 75 °C, EX: no TFB, but with TFE at 75 °C, M1: 37 nt marker, M2: 84 nt 
marker. (B) Transcription activity comparison of TFB1 and TFB2 with Pf0687 in the 
presence and absence of TFE (80 nt). The ratio of transcription activity with TFE to 
without TFE is shown. (C) Transcription response to temperature relative to 65 °C of 
TFB1+TFE and TFB2+TFE with Pf0687 (80 nt). Quantitation of the transcription activity 
of different temperatures with Pf0687 normalized to the activity of its own activity at 65 
°C. (D) Transcription activity comparison of TFB1 and TFB2 with Pf0687 in the 
presence and absence of TFE (114 nt). The ratio of transcription activity with TFE to 
without TFE is shown. Blue represents TFB1, and red represents TFB2. (E) Transcription 
response to temperature relative to 65 °C of TFB1+TFE and TFB2+TFE with Pf0687 
(114 nt). Quantitation of the transcription activity of different temperatures with Pf0687 
normalized to the activity of its own activity at 65 °C. Blue (diamond) represents TFB1, 
and red (square) represents TFB2. Error bars represent standard deviation (SD) from 
three independent experiments. Figure 6A and Figure 10A are the image from the same 
gel.
 The promoter for the heat shock induced gene Pf1616 (a myo-inositol-1-phosphate 
synthase gene) was also tested for its response to TFE. The TFB1 activity in the presence 
of TFE increased with temperature, reaching the highest at 80 °C (Fig 11A lane 18), and 
decreased at 85 °C (Fig 11A lane 19). The TFB2 activity in the presence of TFE with 
TFB2 increased at 75 °C and 80 °C (Fig 11A lanes 23-24). The comparison between 
presence and absence of TFE indicated that the activity of the transcription complexes 
with TFB1 stayed the same or slightly increased, and the activity of the transcription 
complexes containing with TFB2 increased in all temperatures; particularly at lower 
temperatures (65 °C and 70 °C) (Fig 11B). The transcription response to temperature 
relative to 65 °C was similar for TFB1 and TFB2 in the presence of TFE, in contrast to 
the absence of TFE (Fig 11C). These results of Pf0687 and Pf1616 indicated that TFB2 
behaves more similarly to TFB1 when TFE is present.
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Figure 11. Transcription of the promoter for a heat-shock induced gene, Pf1616, using 
TFB1 or TFB2 in different temperatures. (A) Activities of the transcription complexes 
formed with TFB1, TFB2, TFB1+TFE, or TFB2+TFE with Pf1616 in different 
temperatures (65-85 °C) The promoter-dependent transcripts are indicated by the arrow. 
X: no TFB at 75 °C, EX: no TFB, but with TFE at 75 °C, M1: 37 nt marker, M2: 84 nt 
marker. (B) Transcription activity comparison of TFB1 and TFB2 with Pf1616 in the 
presence and absence of TFE. The ratio of transcription activity with TFE to without TFE 
is shown. (C) Transcription response to temperature relative to 65 °C of TFB1+TFE and 
TFB2+TFE with Pf1602. Quantitation of the transcription activity of different 
temperatures with Pf1616 normalized to the activity of its own activity at 65 °C. Blue 
(diamond) represents TFB1, and red (square) represents TFB2. Error bars represent 
standard deviation (SD) from three independent experiments. Figure 7A and Figure 11A 
are the image from the same gel.
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 The response of the promoter for cold-shock induced gene (Pf1137) was tested in 
the presence of TFE for both TFB1 and TFB2. For the short transcript (48 nt), although 
the activity of TFB2 was not rescued by TFE (Fig 12A lanes 21-25), the activity of TFB1 
still behaved similarly when TFE was present or absent (Fig 12A lanes 1-5 & 15-19, Fig 
12B). However, for the long transcript (109 nt), when TFE was present, the activity of 
transcription complexes formed with TFB1 and TFB2 stayed almost the same. At 70 °C, 
the activity of transcription complexes formed with TFB1 and TFE was even lower than 
those with TFB1 only (Fig 12D). Interestingly, the activity of transcription complexes 
with TFE but no TFB1 or TFB2 was slightly higher than those without TFE, TFB1 or 
TFB2. It showed that the promoter of cold-shock gene (PF1137) does not required TFB1, 
TFB2, or TFE (Fig 12A lanes 6, 20). However, with either of TFB1, TFB2, or TFE, the 
transcription activity will be increased.
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Figure 12. Transcription of the promoter for a cold-shock induced gene, Pf1137, using 
TFB1 or TFB2 in different temperatures. (A) Activities of the transcription complexes 
formed with TFB1, TFB2, TFB1+TFE, or TFB2+TFE with Pf1137 in different 
temperatures (65-85 °C) The promoter-dependent transcripts are indicated by the arrow. 
X: no TFB at 75 °C, EX: no TFB, but with TFE at 75 °C, M1: 37 nt marker, M2: 84 nt 
marker. (B) Transcription activity comparison of TFB1 and TFB2 with Pf1137 in the 
presence and absence of TFE (48 nt). The ratio of transcription activity with TFE to 
without TFE is shown. (C) Transcription response to temperature relative to 65 °C of 
TFB1+TFE and TFB2+TFE with Pf1137(48 nt). Quantitation of the transcription activity 
of different temperatures with Pf1137 normalized to the activity of its own activity at 65 
°C. (D) Transcription activity comparison of TFB1 and TFB2 with Pf1137 in the presence 
and absence of TFE (109 nt). The ratio of transcription activity with TFE to without TFE 
is shown. (E) Transcription response to temperature relative to 65 °C of TFB1+TFE and 
TFB2+TFE with Pf1137(109 nt). Quantitation of the transcription activity of different 
temperatures with Pf1137 normalized to the activity of its own activity at 65 °C. Blue 
(diamond) represents TFB1, and red (square) represents TFB2. Error bars represent 
standard deviation (SD) from three independent experiments. Figure 8A and Figure 12A 
are the image from same gel.
 With TFE stabilizing the transcription preinitiation complex, the activity of 
transcription complexes with TFB1 was more active than with TFB2 in all temperatures 
and at four different promoters. TFE did not enhance the activity of TFB1 much, but it 
did enhance the activity of TFB2, particularly, at the lower temperatures (65 °C and 70 
°C). Because the enhanced activities of TFB2 in lower temperatures, TFB1 and TFB2 
behaved more similarly as a function of temperature in the presence of TFE. 
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CONCLUSION
 Transcription factor TFB2 is an alternative TFB encoded by the hyperthermophile 
archaeon P. furiosus. The mRNA levels of TFB2 increase following heat shock, but the 
interaction of TFB2 with temperature responsive promoters is not well-understood. The 
experiments presented here demonstrate that transcription complexes formed with TFB2 
show a more pronounced increase in activity with increasing temperature compared to 
TFB1 (Fig 6, 7). The increase was seen only at promoters for genes that are induced 
following heat shock. These experiments also show that the enhanced activity with 
temperature is not seen in the presence of transcription factor TFE, because of a 
disproportionate increase in TFB2 activity at lower temperatures.
 These data are consistent with previous data showing that the low activity of 
TFB2 is related to its low efficiency in forming open complexes, in which DNA is 
separated to form a transcription bubble (61). TFB2 loses more activity on heat shock 
promoters at low temperature, presumably because the open complex is harder to melt at 
the low temperature. Interestingly, this effect is only seem with the heat shock gene 
promoters, suggesting that promoter sequence may confer sensitivity to temperature 
change. It may be that these promoters have transcription rates limited by open complex 
formation, while other promoter are not as sensitive to perturbations at this stage of 
initiation.
 The reduced activity of TFB2 at low temperature is probably a result of the 
missing domains within its N-terminus. Absence of the conserved B-reader loop may 
prevent efficient capture and stabilization of the transcription bubble by TFB2 at low 
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temperature. The rescue of this defect by TFE is consistent with previous data showing 
that TFE can assist in promoter opening with TFB2 (61).
 With all promoters tested (Pf0687, Pf1137, Pf1602, and Pf1616), the transcription 
activities of TFB1 are higher than the ones of TFB2 in all different temperatures. Also, 
for most promoters, the transcription activities of both TFB1 and TFB2 increased with 
increasing temperatures, with transcription at 85 °C reduced for TFB1, and more severely 
reduced for TFB2. An interesting exception was observed for the Pf1137 promoter 
region. The promoter yielding the larger transcript, while partly TFB-independent, had 
increased activity with both TFB1 and TFB2, and the highest activity was seen at 70 °C. 
The increased activity of the promoter at lower temperatures is consistent with the cold-
shock induction of Pf1137 mRNA, and suggests that the response of this gene to cold 
shock could be explained by the intrinsic promoter sequence that forms transcription 
complexes more readily at low temperature. The mechanism for this sequence-dependent 
low temperature induction is unknown, but is likely to be interesting. To investigate this 
further, the transcription start site (TSS) will need to be mapped, and a more complete 
analysis of the determinations of initiation will need to be studied. For instance, is TBP 
required; or is RNA polymerase capable of initiating without assistance from 
transcription factors? Also, does the TFB-dependent activation require TBP?
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TFB2 as a temperature response factor
  TFB1’s transcription activity increased with increasing temperature in all four 
promoters (with the exception of Pf1137 alone).  However, TFB2’s transcription activity 
increased differently with increasing temperature in different promoters (Fig 5B, 6B, 7B 
and 8B). In a previous study (Kottmeier, MS thesis, data 2009), the activities of 
transcription complexes with TFB1 or TFB2 with Pf1616 were slightly different. When 
comparing 55 °C, 65 °C, and 75 °C, the activity of transcription complex containing 
TFB1 had the highest activity at 65 °C, and the activity of transcription complex 
containing TFB2 were very low for all three temperatures. However, I found that this 
result arose because transcription complexes formed with TFB2 are more sensitive to the 
poly-anion heparin than those formed with TFB1. When adding heparin into the 
transcription assay, the activity of transcription complex containing TFB2 was selectively 
decreased (Fig. 4). I predict that since TFB2-containing transcription complexes are 
compromised in promoter opening, they form less stable complexes, and heparin disrupts 
them more than the complexes formed with TFB1. Because of this, in this study, all the 
transcription assays in this thesis were done without adding heparin. 
 With the heat-shock induced promoters (Pf0687 and Pf1616 promoters), although 
TFB2 transcription complexes had lower activity than TFB1’s, transcription with TFB2 
increased more with increasing temperature compared to with TFB1(Fig 6B and 7B). 
This demonstrated that TFB2 is proportionally more active at high temperature when a 
heat-shock promoter is being transcribed. Therefore, upon heat shock in vivo, TFB2 may 
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direct transcription of heat shock promoters, and when the temperature returns to normal, 
transcription of heat shock promoters with TFB2 may be shut off quickly.  
 With the non-temperature dependent promoter (Pf1602 promoter), the patterns of 
the activity relative to 65 °C of TFB1 and TFB2 were more similar to each other, which 
indicated that the temperature change affects TFB1 and TFB2 similarly at this promoter 
(Fig 5B). 
 With the cold-shock promoter (Pf1137), for the short transcript (48 nt) 
transcription with TFB1 increased slowly with increasing temperature; but, TFB2 did not 
transcribe this promoter (Fig 8B). However, for the long transcript (114 nt) cold-shock 
promoter, TFB1 or TFB2 was not absolutely required for transcription (Fig 8A lane 6). 
Moreover, TFB1 and TFB2 increased transcript levels with highest activities at lower 
temperature (Fig 8A lanes 1,2 7, and 8). The pattern of the activity relative to 65 °C of 
TFB1 and TFB2 were more similar, which indicated that the temperature change affects 
TFB1 and TFB2 similarly at this region of the cold-shock induced gene (Pf1137) (Fig 
8C). It may be that the upstream promoter can form certain structure for RNA polymerase 
recruitment on it without TFB1 or TFB2. However, the downstream cold-shock relative 
promoter may not be recognized by TFB2 because of the missing B-reader region of 
TFB2. Taken together, these data suggest that TFB2 may play a role in heat-shock 
response through its modulation of genes important for heat shock survival, while cold 
shock induction may be modulated by promoter sequence independently of the TFB used 
for transcription.
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The response of TFB2 to TFE
  In the presence of TFE, TFB2 complexes are more like TFB1 complexes in their 
response to changing temperature. For all promoters at each temperature tested, the ratio 
of  transcription activity for TFB1 plus and minus TFE was close to one, because TFE 
has little effect on TFB1 transcription in vitro as previously observed (61). On the other 
hand, the ratio of activity for TFB2 plus and minus TFE varied in different promoters and 
temperatures (Fig 9B, 10B, 11B, and 12B). With the heat-shock promoters (Pf0687 and 
Pf1616), all the ratios of activity for TFB2 with TFE to without TFE were higher than 
those of TFB1, and increased most at 70 °C and 65 °C in Pf0687 and PF1616 
respectively. However, the ratio of activity for TFB2 comparing with TFE to without 
TFE, was lower at higher temperatures. (Fig 10B and 11B). Because of the increased 
transcription activity at lower temperatures, the transcription response relative to 65 °C 
for TFB2 was more similar to that of TFB1 in both heat-shock promoters in the presence 
of TFE (Fig 10C and 11C). 
 With the non-temperature responsive gene promoter (Pf1602), the ratios of 
activity for TFB2 with TFE to without TFE increased the most at 70 °C and decreased at 
75 °C and 80 °C. The transcription response relative to 65 °C for TFB1 and TFB2 
behaved similarly when TFE was absent (Fig 5B). With the presence of the TFE, the 
activity ratio relative to 65 °C for TFB1 and TFB2 was even more similar (Fig 9C). 
 With the cold-shock relative gene promoter (Pf1137), TFB2 did not associate with 
the downstream promoter. However, for the upstream promoter, when TFE was present, 
the activity ratio relative to 65 °C for TFB1 and TFB2 was similar (Fig 12E).
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 These data indicate that TFE does not increase TFB1’s transcription activity 
much, but does increase TFB2’s transcription activity; especially, at the lower 
temperatures (65 °C and 70 °C). Some deductions are drawn from these results. First, 
TFB2 is associated with the heat-shock promoters and may play a role in the cellular 
heat-shock response. Second, TFE can stabilize the connection of PIC with TFB2 and 
make TFB2 work better in transcription at lower temperature. Third, TFB2 does not 
associate with cold-shock promoter even with TFE for downstream promoter, but 
behaves similarly to TFB1 with and without TFE at the upstream promoter. The function 
of the non-conserved B-reader region in TFB2 still remains unclear. One possibility is 
that the TFB2 B-reader / B-linker region interacts differently with the DNA of heat-shock 
promoters compared to non-heat-shock promoters. To test this, photo-cross linking assays 
may reveal the different interaction between TFB2 and the promoter DNA, and KMnO4 
foot-printing assay can identify how well the non-conserved B-reader of TFB2 still 
functions in promoter opening. While the activity of TFB2 is lower than TFB1 in vitro, it 
is possible that its activity in vivo is higher during heat shock. Perhaps the shorter B-
reader / B-linker is less susceptible to unfolding at high temperature, or perhaps TFB2 
interacts with an as yet unknown helper factor.
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Appendix A:
The function of aromatic amino acids in archaeal TFB B-reader motif
 In bacterial transcription initiation, the substitutions of -11A of the promoter and 
Y430 and W433 of sigma70 affect the transcription efficiency. These aromatic amino 
acids of sigma 70 factor and the -11A of the promoter work together during promoter 
opening. Archaeal TFB and Eukaryotic TFIIB N-terminal regions contain three highly 
conserved motif, B-ribbon, B-reader, and B-linker. (Fig. 2) There are two highly 
conserved aromatic amino acids, tryptophan (W) and phenylalanine (F), in the B-reader 
region of the TFB and TFIIB in archaea and eukaryotes. We predict that the tryptophan 
and phenylalanine may play roles during the promoter opening step of transcription 
initiation in Pyrococcus furiosus, and that the aromatic group of these amino acids is 
crucial for this process. For testing this hypothesis, we generated four different TFB 
mutant proteins, W44A, W44A F47A, W44F, and W44F F47W to see if they can affect 
the transcription in different concentrations (60nM and 120 nM). In this result, the 
activity with the W44A F47A mutant was decreased the most when the concentration of 
TFB1 mutant was 60nM and 120nM (Fig 13 lanes 3 and 9). The W44A TFB1 mutant had 
the second lowest activity in both 60 and 120 nM (Fig 13 lanes 2 and 8). However, the 
aromatic amino acid switch mutants (W44F, W44F F47W) had lower activity than the 
wild type TFB1, but higher activity than W44A and W44A F47A TFB1 mutants in 60nM 
and 120nM (Fig 13 lanes 4, 5, 10, and 11). This result showed that aromatic amino acids 
W44 and F47 in B-reader helix motif play a key role in transcription, although 
positioning of these amino acids during promoter opening has not yet been established.  
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Figure 13. Transcription activity of Pf1602 promoter with TFB mutants. 
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Appendix B: 
The function of XPB and XPD in Archaea
 In Eukaryotes, RNA polymerase II and several general transcription factors 
catalyze the transcription of messenger RNA). Transcription factor IIH (TFIIH), one of 
these transcription factors, is involved in not only transcription initiation but also 
nucleotide excision repair (NER). Certain mutations of TFIIH cause human genetic 
disorders xeroderma pigmentosum (XP), Cockayne syndrome (CS), and 
trichothiodystrophy (TTD). XPB and XPD (xeroderma pigmentosum groups B and D) 
are the two largest subunits of TFIIH. Both of them have helicase and ATPase activity. 
Moreover, both play a role in opening the promoter during transcription initiation and 
unwinding damaged DNA in NER. 
 Most Archaea contain aXPB and aXPD genes which are the homologues of 
eukaryotic XPB and XPD. Because of the conservation of sequences of XPB and XPD in 
archaea and eukaryotes and the similarity of transcription mechanism between archaea 
and eukaryotes, I predict that aXPB and aXPD may have similar transcription functions 
in archaea as in eukaryotes. The function of aXPB and aXPD in archaeal NER is starting 
to be researched; however, their function in transcription is still unknown (69). 
 Archaeal XPB and XPD gene homologs were cloned into E.coli over-expression 
plasmids, producing six-histidine tagged version of these proteins. I have tried different 
protein purifications (non-denaturing and denaturing). Several other proteins from the 
E.coli host were co-purified with aXPB or aXPD. Moreover, without the IPTG induction, 
either aXPB or aXPD appeared to still be expressed which made aXPB and aXPD even 
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more difficult to identify. An example native purification of XPB and XPD is shown in 
Fig.14.
A.
B.
Figure 14. SDS-PAGE gel of aXPB and aXPD purification. (A). aXPB purification in 
native condition. aXPB: 51.8 kD. (B) aXPD purification in native condition. aXPD: 
72.8kD. + : use IPTG to induce E.coli to produce aXPB; - : No IPTG. L: lysate ; P : 
pellet ; S: supernatant of the liquid inside of E.coli; FT: flow through; W1: use10µM 
imidazole to wash column; W2: use 20µM imidazole to wash; E1 and E2: use 200µM 
imidazole elute the protein with an affinity tag. 
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